Y-chromosomal and mitochondrial DNA (mtDNA) polymorphisms have been used for population studies for a long time. However, there is another possibility to define the origin of a population: autosomal single-nucleotide polymorphisms (SNPs) whose allele frequencies differ considerably in different populations. In an attempt to compare the usefulness of these approaches we studied a population from Madagascar using all the three mentioned approaches. Former investigations of Malagasy maternal (mtDNA) and paternal (Y chromosome) lineages have led to the assumption that the Malagasy are an admixed population with an African and Asian-Indonesian heritage. Our additional study demonstrated that more than two-third of the Malagasy investigated showed clearly a West African genotype regarding only the autosomal SNPs despite the fact that 64% had an Asian mtDNA and more than 70% demonstrated an Asian-Indonesian heritage in either mtDNA or Y-chromosomal haplogroup or both. Nonetheless, the admixture of the Malagasy could be confirmed. A clear African or Asian-Indonesian heritage according to all the three DNA approaches investigated was only found in 14% and 1% of male samples, respectively. Not even the European or Northern African influences, detected in 9% of males (Y-chromosomal analysis) and 11% of samples (autosomal SNPs) were consistent. No Malagasy in our samples showed a European or Northern African origin in both categories. So, the analysis of autosomal SNPs could confirm the admixed character of the Malagasy population, even if it pointed to a greater African influence as detectable by Y-chromosomal or mtDNA analysis.
INTRODUCTION
The island of Madagascar in the Indian Ocean was probably the last great island landmass to be settled permanently by humans, probably during the Austronesian diaspora in the sixth century AD. 1 However, human activities may have taken place on Madagascar hundreds of years before this time, probably as early as 300 BC. 2, 3 The present population, the Malagasy, are considered an admixed population demonstrating morphological and cultural traits of Bantu and Austronesian speakers, which has been confirmed by analysis of Y-chromosomal and mitochondrial DNA (mtDNA). [4] [5] [6] [7] The various ethnic groups on Madagascar are generally classified into two main subgroups: the Highlanders (HL), considered being more Asian in culture and phenotype, and the people from the coasts (CT), thought to be more African. 8 The determination of the phenotype, for example, eye colour, hair colour or skin colour, or the population origin from DNA has been an important research field in recent years, in which considerable progress has been accomplished (see for example [9] [10] [11] [12] [13] [14] [15] ). These techniques have already been applied successfully in the characterisation of ancient skeletal human remains. 16, 17 Regarding these results, we were interested in how the Malagasy would perform in such an assay for the determination of the phenotype or the population affiliation. We applied our recently published assays for population differentiation 15 in addition to a large set of well known and commonly used binary markers as well as short tandem repeats (STRs) from the Y chromosome and mtDNA single-nucleotide polymorphisms (SNPs) to 168 unrelated individuals from Madagascar.
MATERIALS AND METHODS Samples
Buccal swabs were collected from 106 men and 62 women from Madagascar (18-72-years-old). They belong to nine different ethnic groups: Antandroy (27 women, 71 men), Antankarana (2 women), Antanosy (1 woman, 1 man), Bara (4 women, 3 men), Betsileo (7 women, 2 men), Betsimisaraka (1 woman, 1 man), Mahafaly (1 woman, 2 men), Merina (12 women, 14 men) and Sakalava (7 women, 12 men). Only the information about age, sex and ethnic origin was collected for each sample.
Samples were obtained and analysed after advice of the Medical Ethics Committees of the University of Duisburg-Essen and the University Hospital of Schleswig-Holstein in accordance with the declaration of Helsinki. All the individuals gave informed consent. The anonymity of the individuals investigated was preserved corresponding to the rules of data protection of the Human Medical Faculties of the Universities Duisburg-Essen and Kiel.
DNA extraction
DNA was extracted from buccal swabs using the innuPrep DNA Mini Kit (Analytik Jena, Jena, Germany).
SNP analysis
1. Sixteen SNPs in two SNaPshot assays (assay PD-1 comprises SNPs rs885479, rs2228478, rs1545397, rs12913832, rs6119471, rs1426654, rs16891982 and rs1800407, and assay PD-2 comprises rs885479, rs1800404, rs16891982, rs1528460, rs10843344, rs2814778, rs730570, rs1321333, rs5030240, rs4540055) were amplified as described before. 15 2. Forty-four SNPs from the Y chromosome were analysed to differentiate nine major Y-chromosomal haplogroups and their subgroups. Eleven of those have been found in Madagascar. The analysis was done in five different multiplex assays (see Supplementary Table S1b for combination of SNPs) and in a hierarchical system, that is all samples were analysed with multiplex 1 to determine the major haplogroup and only with those subsequent multiplexes which reasonably applied (Supplementary Figure  S1 ). 3. Twelve mtDNA SNPs were analysed to determine all major African, Asian and European mtDNA haplogroups. Moreover, 15 mtDNA SNPs were used to subdifferentiate those haplogroups found in our study in the Malagasy. The analysis was done in three different multiplex assays (see Supplementary Table S1c for combination of SNPs) and in a hierarchical system, that is all samples were analysed with multiplex 1 to determine the major haplogroup and only with those subsequent multiplexes which reasonably applied (Supplementary Figure S2) .
For all SNP analyses, multiplex PCR was done in a volume of 12. 
mtDNA sequencing analysis
The amplification of hypervariable regions 1 and 2 was performed in a single PCR assay with 0.4 mM of primers 15938F and 429R using 1 U Immolase (Bioline, Luckenwalde, Germany, GB) with a MgCl 2 concentration of 1. Final analysis was carried out using the ABI Prism 3130xl Genetic Analyser (Applied Biosystems) and the Lasergene software (DNA Star, Madison, WI, USA). The haplogroup classifications (with inclusion of mtDNA SNPs as described above) were done using the website HaploGrep (http:// haplogrep.uibk.ac.at) based on the PhyloTree.org. database release 14. 18, 19 
Statistical analysis
The calculation of population differentiation from the results of the autosomal SNP analysis has been done as described before. 15 The structures of the Y-chromosomal STR loci is illustrated by phylogenetic analysis, which was performed by Network 2.0 with the median joining (MJ)-network method. 20 Two different colourings were applied to the networks according to Y haplotype groups and population differentiation SNPs based on correspondence analysis similarities of Y chromosome and mtDNA haplogroup frequencies from African, Asian and European populations are summarised in two-dimensional graphics with the R paket ca. 21 
RESULTS AND DISCUSSION
The samples investigated in this study were grouped into two categories comparable with those chosen by Tofanelli et al: 5 HL and CT. The category HL is composed of samples from the ethnic groups Merina, Bara and Betsileo; the category CT comprises samples from the ethnic groups Antandroy, Sakalava, Mahafaly, Antankarana, Antanosy and Betsimisaraka.
Maternal lineages
In the 168 Malagasy samples analysed in this study, 90 different haplotypes as determined by SNP analysis and sequencing of hypervariable regions 1 and 2 were found (84 haplotypes disregarding the mutation hotspots in 16519, 309.1 and 309.2) (see Supplementary Table  S2 for detailed results). All these haplotypes could be assigned clearly to either African heritage (41 haplotypes and 36% of samples) or Asian heritage (43 haplotypes and 64% of samples) (Figure 1 ), which is in line with results from Hurles et al 4 and Tofanelli et al. 5 The African maternal lineages were significantly more diverse than the Asian maternal lineages (P ¼ 0.0007). Minor differences could be detected between the two chosen categories and the ethnic groups. The African heritage was more prominent in HL samples (45%) than in CT samples (33%). Haplotypes occurring in more than three samples were always shared by people from CT and HL subgroups. The Malagasy motif (a variant of the Polynesian motif, haplogroup B4a1a1a, with the additional polymorphisms 1473 and 3423A 6 ) was found in 14 and 19% of HL and CT samples, respectively. No samples were found that demonstrated the Polynesian motif without the additional polymorphisms. We also detected the rare subgroup M23 22 in five different haplotypes (2 and 9% of HL and CT samples, respectively). Regarding the African haplogroups, L0 and subtypes were found predominantly in CT samples, whereas L2 and L3 samples were shared between HL and CT samples. The latter is also true for Asian-Indonesian haplogroups M7c3c, M32, E1a1a or F3b1. A comparison of the mtDNA haplogroup distribution in Madagascar with Asian or African populations [23] [24] [25] [26] [27] [28] underlined the special position of the Malagasy (Supplementary Figure S3) who cluster with none of the other populations.
Paternal lineages
Regarding paternal heritage, the prevalence of African lineages (predominantly haplogroups E1b1a, B2a1a and B2b) could clearly be shown in both HL and CT samples (68 and 64%, respectively) (see Supplementary Table S2 for detailed results). However, Asian and Eurasian influences were detectable as well (Figure 2) . The most Table S3 and Supplementary Figure S4 ). The phylogenetic network (Supplementary Figure S4) showed two distinguishable nodes, one (above) almost exclusively African, while the other (below) has a more admixed configuration. Twenty-five single Y-STR haplotypes and one haplotype occurring twice (based on the eight STRs of the minimal haplotype) could not be found at all in the YHRD database. Y-STR haplotypes occurring more than once were more often than Figure S5) . The Malagasy did not directly cluster with the African populations, but the genetic distance to them is much smaller than to the widely distributed Asian populations and also smaller than in the comparison analysis for mtDNA haplogroups.
Population differentiation SNPs
The population affiliation to one of the seven populations, which were included in the original project (West Africa, Northern Africa, Near East, Turkey, Balkan states, Northern Europe and East Asia (Japan)) was calculated as described before 15 (see Supplementary  Table S4 for calculation results). This assay has been predominantly designed to distinguish African and European/Eurasian populations by phenotype, it is not as powerful in the differentiation of Asian populations. The majority of samples could be assigned to West Africa (64 and 68% in HL and CT samples, respectively). The allele distribution of about one fifth of HL as well as CT samples lead to a classification to East Asia, whereas 14% of HL and 10% of CT samples grouped with Northern African samples. In our recent publication, we could show that any individual assigned to West Africa was always of African origin. 15 No other sample -be it from Northern Africa, Near East, East Asia, Sri Lanka or India -was identified as West African. No samples from Indonesia were included in our recent study, but samples from the Philippines, Sri Lanka, Thailand or Vietnam were mostly assigned to East Asia (or not identified at all). So, we assumed that the majority of Malagasy people with a predominantly Asian heritage would be identified as Asian or could not be related to any group at all. However, only three CT samples and one HL sample could not be attached to any of the seven chosen populations; they demonstrated for all populations a probability below 50% as outlined in our recent publication. 15 The affiliation of a majority of Malagasy to an African population is not surprising, as the actual phenotype of these people and, therefore, the phenotype of the people included in this study is predominantly African.
Comparison of maternal and paternal lineages
The striking difference in the distribution of the geographical origin of maternal and paternal lineages called for a direct comparison of all male samples ( Figure 3 , Table 1 ). About half of the HL samples with African Y-chromosomal lineage had also an African maternal heritage, the other half displayed Asian-Indonesian mtDNA haplogroups.
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S-A 9% Figure S4 ; left node in Figure 5 ) to African population affiliation. In comparison of all individuals regarding population affiliation and mtDNA origin a similar picture emerged. About half of the HL samples assigned to a West African population displayed an African mtDNA, while the other half showed an Asian-Indonesian mtDNA. The same distribution is seen looking at HL samples assigned to an East Asian population. Altogether 41 and 39% of HL and CT samples showed an unambiguous either African or Asian-Indonesian heritage, respectively. In contrast, 63% of CT samples determined as West African regarding autosomal SNP results demonstrated an Asian-Indonesian mtDNA, but only 27% of CT samples allocated to an East Asian population had an African mtDNA origin. Individuals assigned to Northern Africa were predominantly Asian-Indonesian in mtDNA heritage.
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CONCLUSIONS
Despite the rather small number of samples analysed, our results confirmed the previously reported African and Asian-Indonesian admixture in Malagasy 4,5 as demonstrated by mtDNA and Y chromosome analysis. However, the calculation of population affiliation after autosomal SNP analysis emphasises that the African heritage is more dominant, which is not surprising as the appearance of the Malagasy is rather African in nature. Moreover, a predominantly Asian origin for people from the HL as proposed by Blench 8 could not be confirmed, neither by Y-chromosomal and mtDNA analysis nor by the analysis of the population differentiation SNPs.
We could demonstrate that the analysis of specific autosomal SNPs is a valuable complement to the investigation of Y-chromosomal and mtDNA polymorphisms in population studies and should therefore be included if possible. Nevertheless, the use of all the three approaches might lead to conflicting results in such cases where the actual phenotype of the people investigated differ from their population heritage.
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